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The assembly of myosin into higher order structures is dependent upon accessory factors that are often tissue-specific. UNC-45 acts as such a
molecular chaperone for myosin in the nematode Caenorhabditis elegans, in both muscle and non-muscle contexts. Although vertebrates contain
homologues of UNC-45, their requirement for muscle function has not been assayed. We identified a zebrafish gene, unc45b, similar to a
mammalian unc-45 homologue, expressed exclusively in striated muscle tissue, including the somites, heart and craniofacial muscle. Morpholino-
oligonucleotide-mediated knockdown of unc45b results in paralysis and cardiac dysfunction. This paralysis is correlated with a loss of myosin
filaments in the sarcomeres of the trunk muscle. Morphants lack circulation, heart looping and display severe cardiac and yolk-sac edema and also
demonstrate ventral displacement of several jaw cartilages. Overall, this confirms a role for unc45b in zebrafish motility consistent with a function
in myosin thick filament assembly and stability and uncovers novel roles for this gene in the function and morphogenesis of the developing heart
and jaw. These results suggest that Unc45b acts as a chaperone that aids in the folding of myosin isoforms required for skeletal, cranial and cardiac
muscle contraction.
© 2006 Elsevier Inc. All rights reserved.Keywords: UNC-45; Muscle; Myosin-interacting protein; Cardiogenesis; Heart; Myosin; Jaw structure; Zebrafish; Morpholino; SarcomereIntroduction
Striated muscle contractility is essential for the survival of
most animals, as it is required for both mobility and cardiac
function. Muscle fibers, the main component of muscle cells, are
comprised of a series of sarcomeres, each composed of over 40
proteins. The repetition of these sarcomeric units leads to the
striation of muscle and this regular organization is critical for
function. Human skeletal myopathies are associated with
mutations in at least 20 sarcomeric proteins (Bonnemann and
Laing, 2004; Laing and Nowak, 2005). Similarly 300 dominant
mutations in sarcomeric proteins are associated with human
cardiomyopathies (Bashyam et al., 2003; Morita et al., 2005;
Redwood et al., 1999). Mutations in myosin, a molecular motor,
are responsible for both skeletal myopathies and cardiomyo-⁎ Corresponding author. Fax: +1 780 492 9234.
E-mail address: dave.pilgrim@ualberta.ca (D.B. Pilgrim).
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doi:10.1016/j.ydbio.2006.11.027pathies (Fananapazir et al., 1993; Laing and Nowak, 2005). The
prevalence of these types of mutations and their impact
demonstrate the importance of sarcomeric function in human
health.
Conventional myosins (type II myosins) are composed of
two identical myosin heavy chains (MHC), each containing a
globular head domain, a central neck domain and a tail domain.
In the thick filament, the motor domain head of myosin interacts
with the thin filament protein, actin. However, because the
myosin head is a globular domain, its proper folding relies
heavily on the activity of chaperones. In the absence of muscle-
specific factors, the head of muscle myosin is unable to adopt its
proper conformation (Chow et al., 2002; Srikakulam and
Winkelmann, 1999). Recently, two members of the heat shock
protein family, Hsp90 and Hsc70, have been implicated in the
initial folding of myosin. Since these proteins are associated
with intermediates possessing only partially folded motor
domains (Srikakulam and Winkelmann, 2004), other as yet
uncharacterized factors must be necessary for myosin to reach
its mature state.
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identification of novel regulators of cellular and developmental
processes. The nematode Caenorhabditis elegans has been
useful in understanding muscle development as many genes,
including unc-45, first identified via mutations affecting C.
elegans muscle structure and function, have subsequently been
shown to have homologues in vertebrate muscle. Temperature
sensitive alleles of unc-45 result in paralysis at the restrictive
temperature due to the disorganization of the thick filament
(Barral et al., 1998; Epstein and Thomson, 1974). The protein
encoded by unc-45 is composed of a tetratricopeptide repeat
(TPR) domain, a unique central domain and a carboxyl domain,
termed the UCS domain, with similarity to several fungal
proteins that genetically and molecularly interact with myosin
(Barral et al., 1998; Hutagalung et al., 2002; Mishra et al., 2005;
Toi et al., 2003; Venolia et al., 1999; Wesche et al., 2003; Yu and
Bernstein, 2003). UNC-45 is expressed in muscle and co-
localizes with the major myosin heavy chain component (MHC
B) of the thick filaments of body wall muscle, but not the minor
muscle myosin isoform,MHCA (Ao and Pilgrim, 2000; Venolia
et al., 1999). Consistent with this, in filaments composed
exclusively of MHC A, UNC-45 is dispensible for mobility
although these filaments are shorter than normal (Ao and
Pilgrim, 2000). UNC-45 is also required for non-muscle myosin-
dependent processes in the early C. elegans embryo. If the
maternal contribution of UNC-45 to the oocyte is reduced,
severe cytokinetic defects are observed in the early embryo
(Kachur et al., 2004). Furthermore, cell culture studies have
shown that UNC-45 interacts with both myosin and Hsp90,
through its UCS and TPR domains, respectively, aiding in the
prevention of thermal aggregation of myosin (Barral et al.,
2002). This, along with research on fungal UCS-domain-
containing proteins, implies that the UCS domain is responsible
for the ability of certain proteins to interact with and/or aid in the
maturation of myosin.
Two UNC-45 homologues have been reported in mammals,
termed UNC45A (previously known as GC UNC45) and
UNC45B (previously known as SM UNC45) (Price et al.,
2002). The general cell (GC) homologue (Unc45A) is expressed
in all mammalian tissue types examined, while the striated
muscle (SM) homologue (Unc45B) is expressed only in tissue
samples containing muscle, implying compartmentalization of
the protein's function based on tissue type. Antisense experi-
ments using the mouse C2C12 skeletal myogenic cell line
demonstrate that UNC45A is required for cell proliferation and
myocyte fusion while UNC45B acts later, in myocyte
maturation and formation of striation (Price et al., 2002).
Therefore UNC45A's role in development may parallel the role
of UNC-45 in cytokinesis in the early C. elegans embryo while
UNC45B functions in differentiating and mature muscle.
Although Price et al. (2002) showed UNC45B to be involved
in the maturation of C2C12 myocytes, the vertebrate role
outside of cell culture has not been examined. To test whether
UNC-45 is essential for the development and normal function of
vertebrate skeletal and cardiac muscle in a live animal, we
examined the unc45b homologue using the zebrafish, Danio
rerio as a model. Here we demonstrate that this gene isexpressed exclusively in striated muscle in the zebrafish embryo
and that reducing Unc45b protein levels via morpholino
injection results in embryonic paralysis and cardiac dysfunc-
tion. This is the first report showing the importance of UNC-45
in the function of vertebrate skeletal and cardiac muscle, likely
by aiding in the folding or assembly of myosins specific to these
tissue types.
Materials and methods
Zebrafish raising and maintenance
Adult AB and nacre zebrafish were maintained according to standard
procedures (Westerfield, 1995) and were naturally spawned to obtain embryos.
Embryos were raised at 28.5 °C in embryo media. 0.003% 1-phenyl-2-thiourea
(PTU) was added to reduce pigmentation where described in the text.
Bioinformatic identification of zebrafish unc-45 homologues
Using the sequence of the C. elegans UNC-45, we identified ESTs indicative
of an unc-45 homologue in zebrafish through database searches (GenBank
accession nos. AI723219, AI883844). We completely sequenced these clones and
found both to contain a 3.8 kbp cDNA encoding the full unc-45mRNA encoding a
934 amino acid protein with 71% identity to mammalian UNC45B (Price et al.,
2002). No cDNAs or ESTswere found in the database that would provide evidence
of alternative splicing or 5′ or 3′ UTRmodification. This cDNA sequence led to a
20 exon region of linkage group 8 corresponding to the genomic sequence of this
gene (GenBank accession no. CR847826.10). The identification of this gene has
been independently published under the name unc45r (GenBank accession nos.
AI883844, AI723219) (Etheridge et al., 2002); however, to be consistent with D.
rerio nomenclature, we have called this homologue unc45b.
Further searches unearthed a second putative zebrafish unc-45 homologue,
unc45a (GenBank accession no. AL935028.14, CO931586.1, DV598140.1)
encoding a 936 amino acid protein with 65% identity of mammalian UNC45A
(Price et al., 2002). Because we were interested in characterizing the role of unc-
45 in muscle development in zebrafish, further studies were performed with only
the unc45b homologue.
In situ hybridization
Digoxigenin-labeled antisense RNA probes were synthesized by in vitro
transcription using SP6 or T7 RNA polymerase and digoxigenin-11-UTP RNA
labeling mix (Roche Diagnostics, Mannheim, Germany). Whole-mount in situ
hybridization was carried out as previously described (Thisse et al., 1993). The
following molecular markers were used: myh6 (Berdougo et al., 2003), myl7
(Yelon et al., 1999), myf5 (Coutelle et al., 2001), myod (Weinberg et al., 1996),
vmhc (Yelon et al., 1999) and unc45b.
Morpholino design and injection
Antisense morpholino oligonucleotides were designed and provided by Gene
Tools, LLC (Philomath, OR, USA). unc45b MO (1) (5′ ATCTCCAATTCTCC-
CATCGTCATT 3′) was designed to cover the translational start site of the unc45b
transcript. unc45b MO (2) (5′ AGTCAATTCAGCTTCGTCGTAAGAG 3′) was
designed as a non-overlapping morpholino upstream of unc45b MO (1). As a
control, zfdeltaMO (5′GACGTTGTCATTTATTTGATTTTCG3′), a morpholino
with no complementary sequence in the zebrafish genome, was injected at the same
dose as unc45bMO (1).Morpholino was diluted in either dH2O or Danieau buffer
(Nasevicius and Ekker, 2000) and 0.1–10 ng of morpholino was injected into the
yolks of fertilized embryos between the 1 and 4 cell stage.
RNA injection
Synthetic capped RNAs were produced from linearized unc45b-GFP-
pBluescript SK or GFP-pBluescript SK using the T7 mMessage mMachine kit
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Kit (Ambion Inc., Austin, TX). RNAs were then dissolved in nuclease-free
water. Embryos at the one-cell stage were injected with 0.2 ng of RNAwith or
without 2 ng unc45b MO (1). GFP expression was assessed at approximately
the 75% epiboly stage.
Phalloidin labeling
48 hpf embryos were fixed in 4% paraformaldehyde and were washed in
PBS+0.1% Triton X-100 (PBSTx). Embryos were incubated in a 1/50 dilution
of AlexaFluor 568 phalloidin (Molecular Probes, Eugene, OR) in PBS for
30 min at room temperature. Embryos were then washed in PBSTx and mounted
in 3% methylcellulose and viewed on a Leica DM/RBI confocal laser scanning
microscope.
Transmission electron microscopy
48 hpf control MO and unc45bMO (1)-injected embryos were fixed in 2.5%
glutaraldehyde in PBS, post-fixed in 2% uranyl acetate, dehydrated through a
series of ethanol washes and transferred into propylene oxide. Spurr resin was
used for embedding and was cured for 3 h at approximately 30 °C, then
overnight at 60 °C. Ultrathin (60–70 nm) sections of the trunk were cut on a
Reichert-Jung Ultracut E, stained with uranyl acetate, followed by lead citrate
and viewed on Philips Morgagni 268 transmission electron microscope.
Whole-mount immunostaining and Alcian blue staining
Whole-mount immunostaining was performed using the monoclonal
antibodies F59, MF20, S46 and S58 (Developmental Studies Hybridoma
Bank, Iowa City, IA). Embryos were fixed in 2% trichloroacetic acid, washed in
PBSTx and blocked overnight at 4 °C or 2 h at room temperature in 5% bovine
serum albumin in PBSTx. Embryos were incubated in a 1/10 dilution of primary
antibody in blocking solution and washed in PBSTx. For fluorescent detection,
the embryos were incubated in a 1/1000 dilution of anti-mouse Alexa
488 secondary antibody (Molecular Probes, Eugene, OR) and washed in
PBSTx. For histochemical (DAB) detection, embryos were incubated in a 1/300
dilution of horseradish peroxidase-conjugated anti-mouse secondary antibody
(Amersham Biosciences, Little Chalfont, Buckinhamshire, England) and
washed in PBSTx. Embryos were then incubated in 1 mL of 0.5% DAB
(diaminobenzidine)/1% DMSO in PBS for 15 min at room temperature and
2.5 μL of 3% H2O2 was added to develop stain. Embryos were washed in
PBSTx to stop staining before viewing.
For Alcian Blue staining, 5 dpf, embryos were fixed overnight at 4 °C in 4%
paraformaldehyde and staining was performed as previously described in
(Schilling et al., 1996).
Photography and image processing
All embryos were mounted in 3% methylcellulose for viewing. DIC and
fluorescent illumination were viewed on a Zeiss Axioskop 2 mot plus
compound microscope and photographed using a Retiga EXi camera. Live
24 hpf-5 dpf embryos, in situ hybridizations, DAB stained and alcian blue
stained embryos were observed with an Olympus SZ X12 dissecting
microscope. Images were captured using a Qimaging MicroPublisher 3.3
RTV digital camera. Rhodamine-phalloidin stained embryos and fluorescent
immunohistochemistry was viewed and photographed on a Leica DM/RBE
confocal laser scanning microscope. Images were processed using Adobe
Photoshop 7.0 or Adobe Photoshop CS.Fig. 1. Expression of unc45b in skeletal and cardiac mesoderm. (A–D) In situ
hybridization of wild-type embryos raised in 0.003% PTU with unc45b probe.
(A, C–E) Dorsal view with anterior to left of (A) 14 hpf, (C) 48 hpf, (D) 18 hpf,
and (E) 24 hpf embryos. (B) Lateral view with anterior to left of 16 hpf embryo.
(F) Ventral view with anterior to top of a 44 hpf embryo. pm, pectoral muscle; a,
atrium; v, ventricle.Results
Expression of unc45b in skeletal muscle and cardiac mesoderm
Given that postembryonic C. elegans unc-45 and mamma-
lian Unc45b expression are limited to muscle tissue, weexpected the same of unc45b in zebrafish (Venolia et al.,
1999). To reduce potential cross-hybridization with any unc45a
transcript, expression of unc45b was detected by whole-mount
in situ hybridization with an antisense probe corresponding to
the 3′ UTR of the unc45b coding region. As reported in
Etheridge et al. (2002), unc45b expression originates at around
9 hpf in the adaxial cells (slow muscle progenitor cells) and is
later observed in presomitic mesoderm and the somites and
pectoral fin muscle (Figs. 1A, B) which is visible until
approximately 72 hpf. In addition, we also detect unc45b
expression in the pectoral fin muscle at 48 hpf (Fig. 1C) and in
the cardiac mesoderm starting at 18 hpf in bilateral stripes (Fig.
1D). At 24 hpf, unc45b is detectable in both the atrium and
ventricle of the developing heart (Fig. 1E); however atrial
expression is reduced by 36 hpf and no longer detectable by
44 hpf (Fig. 1F). Additionally, in situ hybridization against the
3′ UTR sequence of the putative zebrafish gc unc-45
homologue, unc45a, resulted in an independent non-muscle
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mammals.
Disruption of Unc45b results in paralysis and ventricular
dysfunction
In the absence of a genetic lesion in the unc45b gene, we
used antisense morpholino oligonucleotides to reduce protein
levels. To test the requirement for Unc45b in zebrafish muscle
development and function, we designed 2 non-overlapping
morpholino oligonucleotides (MO's), one targeted to the
translation start site of the mRNA and the other to the region
upstream of the translation start site (Fig. 2A) (Nasevicius and
Ekker, 2000). To ensure that the observed morpholino-mediated
effects were in fact due to reduction in the amount of Unc45b,
we tested the ability of unc45b MO (1) to block the translation
of a GFP reporter. One-cell staged embryos were injected with
RNA encoding the 5′ untranslated region and the first 123Fig. 2. unc45b morpholino description and phenotype. (A) Binding positions of th
Morpholino sequences are the reverse complement of the overlined sequences. First b
and (C, E, G, I) fluorescent images of live embryos at approximately the 75% epiboly
RNA+ 2 ng unc45b MO (1), (F, G) 0.2 ng GFP RNA, (H, I) 0.2 ng GFP RNA+ 2
embryos injected with (J) control MO or (K) unc45bMO (1). The asterisk marks the camino acids of unc45b, which includes the morpholino binding
site of unc45b MO (1), fused to a GFP-encoding region
(unc45b-GFP). Injection of this RNA along with unc45b MO
(1) results in the absence of detectable GFP (compare Figs. 2C
and E). However, the injection of morpholino has no effect on
the expression levels of GFP if the morpholino binding site is
absent (compare Figs. 2G and I). In addition to the similarity of
the phenotypes observed by injection of the two morpholinos,
this demonstrates the specificity of the unc45b morpholinos.
Injection of 5 ng of either morpholino results in the paralysis
of otherwise normal embryos (unc45b MO (1)=98%, n=124;
unc45b MO (2)=86.6%, n=134) (Table 1, Supplementary
Movie 1), consistent with the phenotype of C. elegans unc-45
(r450ts) mutants raised at the restrictive temperature (Epstein
and Thomson, 1974). At 48 hpf, morphants lack ventricular
pumping (unc45b MO (1)=96%, n=76; unc45b MO (2)=
61%, n=125) and blood circulation (unc45b MO (1)=96%,
n=76; unc45bMO (2)=93%, n=125) (Table 1, Supplementarye morpholinos unc45b MO (1) and unc45b MO (2) to the unc45b transcript.
ase shown corresponds to nucleotide 66 of the unc45b cDNA. (B, D, F, H) DIC
stage injected with: (B, C) 0.2 ng unc45b-GFP RNA, (D, E) 0.2 ng unc45b-GFP
ng unc45b MO (1). (J, K) Lateral view with anterior towards left of live 48 hpf
ardiac edema observed in unc45bmorphants but not in control-injected embryos.
Fig. 3. unc45b morphants display lack of trunk muscle striation. (A, C, E)
Control morpholino-injected embryos; (B, D, F) unc45b morpholino-injected
embryos. (A, B) DIC photograph of the trunk a living embryo at 52 hpf injected
with (A) control MO or (B) unc45bMO (1). (C, D) Staining with fluorescent
phalloidin of (C) control MO-injected and (D) unc45bMO (1)-injected embryos
at 48 hpf. (E, F) Transmission electron microscopy photographs of (E) control
MO-injected and (F) unc45b MO (1)-injected embryos at 48 hpf.
Table 1
Effect of sm unc-45 morpholinos at various concentrations
Amount of morpholino injected per embryo
Observed phenotypes unc45b MO (1) unc45b MO (2)
0.5 ng 1 ng 5 ng 10 ng 0.5 ng 1 ng 5 ng 10 ng
Paralysis at 24 hpf 40% (n=142) 90% (n=140) 98% (n=124) 96% (n=72) 5.3% (n=170) 9.6% (n=125) 87% (n=134) 87% (n=128)
Lack of circulation at 48 hpf 49% (n=123) 85% (n=101) 96% (n=76) 97% (n=38) 1.6% (n=129) 15% (n=65) 93% (n=125) 96% (n=105)
Ventricular dysfunction at 48 hpf 11% (n=123) 75% (n=101) 96% (n=76) 92% (n=38) 0% (n=129) 1.5% (n=65) 61% (n=125) 72% (n=105)
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higher than those lacking ventricular function because in those
embryos that possess a beating ventricle, the timing or strength
of the contractions is frequently impaired. Erythropoiesis
appears to remain unaffected as non-circulating blood cells
can be observed in the heart of affected embryos. In addition to
the cardiac dysfunction, morphants often display cardiac edema
(Fig. 2K). Both morpholinos result in increased severity of
phenotypes with increased dose but because unc45b MO (1)
produces the most severe effect at the highest penetrance (see
Table 1), all further experiments were conducted using 5 ng of
this morpholino to reduce potential morpholino toxicity.
UNC-45 has been implicated in the early stages of myocyte
differentiation in tissue culture (Price et al., 2002) therefore we
examined several muscle differentiation markers in our mor-
phants to test whether myogenesis is affected in vivo. If the
expression of these markers was downregulated or eliminated, it
would indicate that UNC45B is upstream of the myogenic switch
in cell differentiation. Whole-mount in situ hybridization against
the myogenic regulatory factors,myf5 and myod, was performed.
However, the expression pattern of both myf5 and myod is
unaltered in unc45b morphants (Supplementary Fig. 1) therefore
we assume that, in contrast to the results in cell culture (Price et al.,
2002), myogenesis is unperturbed in these embryos.
UNC45B is required for proper skeletal muscle organization
In C. elegans unc-45 mutants, the thick filaments in body
wall muscles are disorganized (Epstein and Thomson, 1974;
Venolia and Waterston, 1990). We examined the structure of the
trunk muscle in morphants to determine if this was also the case
in zebrafish. Observation under differential interference contrast
(DIC) optics shows a clear difference between the muscle
structure of control MO-injected embryos and unc45b MO (1)-
injected embryos. The trunks of control embryos show the
expected muscle striations. In contrast, there is a lack of
birefringency indicating the absence of striations when Unc45b
levels are reduced (Figs. 3A, B). Similarly, staining with
fluorescently labeled phalloidin, which labels the actin-contain-
ing thin filaments, also demonstrates proper organization of
muscle structure in control embryos but not morphants (Figs.
3C, D). Transmission electron microscopy (TEM) suggests that
morphants lack myosin filaments in their trunk muscle; thin
filaments are still present (Figs. 3E, F). In control embryos, the
sarcomeres appear as regular chain-forming units resulting in
functional myofibrils. Sarcomeres in unc45b morphants have a
more jagged appearance with the middle region being void ofany filaments at all. Therefore the paralysis of embryos with
reduced levels of Unc45b is likely due to a resultant reduction in
the numbers of myosin filaments and thereby myofibrils.
C. elegans unc-45 mutants have reduced levels of the major
isoform of myosin heavy chain MHC B but not the minor
isoform, MHC A (Barral et al., 1998). We performed
immunostaining with myosin-specific antibodies to see if any
myosin isoforms are grossly affected by blocking Unc45b
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both recognize slow-muscle myosin epitopes in zebrafish but the
precise identity of their epitopes has not yet been determined
(Crow and Stockdale, 1986; Devoto et al., 1996). In control
24 hpf embryos, both antibodies indicate a striated pattern of
staining as expected but morphants again lack this striation, only
having weak, diffuse staining (Figs. 4A–D). At 48 hpf, F59
stains wide stripes in each sarcomere in control embryos (Fig.
4E). This is also the case in unc45b morphants although these
embryos still lack motility. However, in these animals, the
structure appears less compact and each myofibril is interrupted
by the muscle cell's single nucleus (Fig. 4F). The myosin
recognized by the S58 antibody has a much narrower staining
pattern in each sarcomere than that detected by F59 (Fig. 4G)
possibly indicating a myosin arrangement similar to that of
MHC A and MHC B seen in C. elegans muscle. In C. elegans,
MHC A is only present in the 1.8 μm central region of the thick
filament andMHCB is present in all but the central 0.9 μmof the
thick filament, with a small region of overlap (Miller et al.,
1983). Unlike the results seen in F59 staining, 48 hpf morphants
do not display any organized structure when stained with S58
(Fig. 4H) indicating that this epitope is more strongly affected
than the F59 epitope when UNC45B levels are reduced.
Chamber differentiation is unaltered in unc45b morphants
After observing the lack of ventricular function in unc45b
morphants, we characterized the cardiac defects using in situ
hybridization and immunostaining. To test whether cardiac
chamber identity is affected in unc45b morphants, we used
myh6 (previously known as atrial myosin heavy chain), vmhc
(ventricular myosin heavy chain) and myl7 (previously known
as cardiac myosin light chain 2) as molecular markers of
chamber differentiation (Berdougo et al., 2003; Yelon et al.,
1999). The expression patterns of myh6 and vmhc are identical
between controls and unc45b morphant embryos suggesting
that the differentiation of the atrial and ventricular fates is
unaffected when Unc45b levels are reduced and both heart-
specific myosin heavy chains are expressed normally, at least atFig. 4. Immunostaining with anti-myosin antibodies. (A–D) 24 hpf embryos and (E–
Staining with F59 monoclonal antibody of the trunk muscle in (A, E) control MO-inje
monoclonal antibody of the trunk muscle in (C, G) control MO-injected and (D, H)the transcriptional level (Supplementary Figs. 2A–D). myl7 is
expressed in both the atrium and ventricle, normally with
distinct ventricular enrichment (Supplementary Fig. 2E). As
observed in wea embryos and tbx20 morphants, it appears that
myl7 is upregulated in the atrium of unc45b morphants to levels
similar to those seen in the ventricle (Supplementary Fig. 2F)
(Berdougo et al., 2003; Szeto et al., 2002).
To examine if protein expression is altered in the developing
heart in response to the reduction of Unc45b levels, immunos-
taining was performed using the S46, MF20 and F59
monoclonal antibodies (Bader et al., 1982; Crow and Stockdale,
1986). S46 recognizes an epitope of atrium-specific myosin
heavy chain, Myh6 (Berdougo et al., 2003). The S46 staining
pattern is unchanged in unc45b morphants compared to control
embryos (Supplementary Figs. 2G, H) supporting the idea that
the atrial myosin heavy chain expression is grossly normal at the
protein level as well as the transcriptional level (see above). As
is seen with myl7, the MF20 epitope, a myosin light chain
(Bader et al., 1982), and the F59 epitope, a myosin heavy chain
(Crow and Stockdale, 1986) are normally expressed in both
chambers, with higher levels seen in the ventricle (Supplemen-
tary Figs. 2I, K). Again, in unc45b morphants, the levels of
these proteins are nearly identical in both chambers indicating
their expression is upregulated in the atrium of morphants
(Supplementary Figs. 2J, L).
Unc45b reduction results in severe edema and lack of cardiac
looping
During cardiac morphogenesis in zebrafish, looping of the
heart tube occurs at approximately 24 hpf, when the atrium
jogs to the left of the ventricle. By 48 hpf, the ventricular
region normally displays a distinct rightwards bend. Photo-
graphy of a wild-type heart requires two planes of focus to
capture both ventricle and atrium; hearts of unc45b morphants
only require one plane of focus to be photographed (Figs. 5A–
D) suggesting improper cardiac looping. Using the myl7 in situ
probe or the MF20 and F59 monoclonal antibodies as markers
allows visualization of this looping. These markers obviouslyH) 48 hpf embryos raised in 0.003% PTU with anterior to the left. (A, B, E, F)
cted and (B, F) unc45bMO (1)-injected embryos. (C, D, G, H) Staining with S58
unc45b MO (1)-injected embryos.
Fig. 5. Cardiac abnormalities in unc45b morphants. Lateral views with anterior
towards the left of live embryos. (A–D) DIC photographs of a control MO-
injected embryo with (A) atrium in plane of focus or (B) ventricle in plane of
focus, (C) a unc45b MO (1)-injected embryo at 52 hpf and (D) a unc45b MO
(1)-injected embryo at 3 dpf. (E–H) Brightfield image of a (E) control MO-
injected embryo and a (F) unc45b MO (1)-injected embryo displaying cardiac
edema at 3 dpf and a (G) control MO-injected embryo and a (H) unc45b MO
(1)-injected embryo displaying yolk-sac edema at 5 dpf (a; atrium, v; ventricle).
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looping. Instead the heart maintains a tube-like morphology
despite proper molecular demarcation of the two chambers
(Supplementary Fig. 2).
At approximately 48 hpf, pericardial edema is common in
morphants; severe yolk-sac edema develops at approximately
5 dpf (Figs. 2K and 5D–H). Pericardial edema is neverobserved in control-injected embryos but frequently occurs in
unc45b morphants and other morphants or mutants with
cardiac defects (Garrity et al., 2002; Szeto et al., 2002; Walton
et al., 2006).
Unc45b functions in craniofacial development
It was clear from morphant analysis that cranial structure
abnormalities developed in morphants that were not observed in
control animals. On a gross level, unc45b morphants display a
dysmorphic jaw structure (Figs. 6A, B). This, in addition to the
observation that unc45b is also expressed in cranial muscle in
the developing embryo (Fig. 6G), prompted us to examine jaw
cartilage organization using Alcian blue. Alcian blue staining of
the cartilaginous structures in the head demonstrates that, while
all the cartilages appear to be present in 5 dpf morphants, the
Meckel's, palatoquadrate and basihyal cartilages are shorter and
protruding and the basihyal, ceratohyal, basibranchial and
ceratobranchial and cartilages are displaced ventrally or “fallen”
and protruding (Figs. 6C–F). Although muscle function has not
previously been implicated in craniofacial morphogenesis, this
phenotype indicates a novel function of unc45b in the
development of this region in zebrafish, presumably through a
defect in muscle contraction.
Discussion
The skeletal muscle of zebrafish embryos with decreased
levels of Unc45b lack any obvious striation due to a reduction in
myosin-containing filaments, consistent with UNC-45 posses-
sing myosin-chaperone activity. Using gene knockdown, we
have demonstrated that Unc45b in zebrafish, as in C. elegans, is
required for embryonic motility but not for muscle specification
or differentiation. The paralysis observed in the morphants is
due to a disorganization of the skeletal muscle myosin and
could also be attributed to an unexpected loss of actin
organization. It is possible that the actin-containing thin
filaments are still present but in the absence of thick filaments,
myofibrils do not properly assemble and hence it appears that
there is also an absence of actin organization. We can conclude
that Unc45b is required in vivo for the proper assembly of
myosin-containing structures in skeletal muscle.
These results from zebrafish are consistent with the
conservation of unc-45 function as a myosin organizer or co-
chaperone across metazoan species. In zebrafish the expression
is restricted to tissues fated to become striated muscle, including
the somites and cardiac mesoderm, as in the mouse (Price et al.,
2002), but is also expressed in cranial and pectoral muscle
which was not previously reported in the mouse. Zebrafish
unc45b shares a similar expression pattern with hsp90α which
is also expressed in the somites and pectoral fin muscle but
lacks expression in the heart (Sass et al., 1996; 1999). This adds
credence to the in vitro studies implicating unc-45 as a co-
chaperone for myosin folding with Hsp90 (Barral et al., 2002) at
least in skeletal and fin muscle.
In 24 hpf morphants, neither the F59 nor the S58 epitope,
both of which represent myosin heavy chains (Crow and
Fig. 6. Dysmorphic jaw structure in 5 dpf unc45bmorphants. (A–F) 5 dpf. (A, B) Lateral view with anterior to the left of a living larva injected with (A) control MO or
(B) unc45bMO (1). (C–F) Alcian blue staining. (C, D) Lateral view with anterior to the left of (C) control MO-injected or (D) unc45bMO (1)-injected animals. (E, F)
Ventral view with anterior to the left of (E) control MO-injected or (F) unc45bMO (1)-injected animals. (G) Ventral view with anterior to the left. unc45b expression in
cranial muscle of 3 dpf embryo. hh, hyohyoideus; ih, interhyoideus; ima, intermandibularis anterior; imp, intermandibularis posterior; sh, sternohyoideus. (H, I)
Diagrams of the patterns of larval jaw cartilages. (H) Lateral diagram. (I) Ventral diagram. Cartilages of the same segment share the same color: P1 (mandibular, blue),
P2 (hyoid, yellow), P3 (first branchial, pink), P4 (orange), P5 (green), P6 (purple) and P7 (black). The neurocranium is shaded uniformly grey. abc, anterior basicranial
commissure; ac, auditory capsule; bb, basibranchial; bh, basihyal; c, cleithrum; cb, ceratobranchial; ch, ceratohyal; e, ethmoid plate; hb, hypobranchial; hs,
hyosymplectic; ih, interhyal; m, Meckel's cartilage; n, notochord; ot, otic capsule; pc, parachordal; pq, palatoquadrate; t, trabeculae cranii (H and I are modified from
Schilling et al., 1996).
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organized into striations. At 48 hpf, this remains true for the S58
epitope but the F59 epitope appears to recover some organiza-
tion although no evidence of motility was apparent in these
embryos. This demonstrates that partial organization of the slow
muscle is not sufficient for motility. The recovery of F59
organization suggests either the activity of a second myosin co-
chaperone, expressed later, that is able help this epitope recover
its organization or that the myosin heavy chain recognized by
S58 has a higher dependency on Unc45b for organization than
the F59 epitope.
In addition to the paralysis seen in unc45b morphants, we
also demonstrate a novel role for UNC-45 in cardiac
development. Initially unc45b is expressed in both chambers
of the developing heart but is eventually restricted to the
ventricle. In 48 hpf morphants, the ventricle fails to contract
while the atrium remains contractile. In zebrafish, the two
chambers of the heart express distinct myosin heavy chains, an
atrium-specific myosin heavy chain (myh6) and a ventricle-
specific myosin heavy chain (vmhc) (Berdougo et al., 2003;
Yelon et al., 1999). There are at least three possible explanations
for the contractility differences observed between the atrium
and the ventricle. First, it is possible that only the ventricular
myosin heavy chain folding is dependent on the chaperone
activity provided by UNC-45. Second, the threshold level ofUNC-45 required in the ventricle could be higher than that of
the atrium and there is still sufficient residual UNC-45 activity
in the atrium of the morphant embryos to maintain function.
Finally, the atrium may be able to compensate for the lack of
UNC-45 in the morphants by increasing expression of other
cardiac molecular components. Supporting the latter possibility,
the myosin heavy chain and light chain recognized by F59 and
MF20, respectively, are upregulated in the atrium of morphant
embryos. We also see higher levels of myl7, a cardiac myosin
light chain which may correspond to the same light chain as that
recognized by MF20, at the transcriptional level. Berdougo et
al. (2003) demonstrated a similar atrial enrichment of myl7 in
weak atrium mutants. Perhaps, under stress (related, in this
case, to a reduction in Unc45b levels) increasing expression of
these components in the atrium is sufficient to maintain
function. Alternatively the ventricle may be under more stress
because its contraction is responsible for circulating the blood
throughout the embryo. It has also been shown that circulation
is not impeded in weak atrium mutants despite the elimination
of the atrial myosin heavy chain implying that ventricular
function has a more important role in circulation (Berdougo
et al., 2003).
Zebrafish are an ideal model for studying cardiac develop-
ment because, as embryos and small larvae, they do not require
a functioning circulatory system to supply oxygen to the
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embryos do not require circulation. unc45b morphants display
severe cardiac and yolk sac edema, common in embryos with
cardiac defects (Garrity et al., 2002; Szeto et al., 2002; Walton et
al., 2006) and fail to undergo proper cardiac morphogenesis.
The looping defect may also be secondary either to the lack of
mechanical forces that circulation provides (Hove et al., 2003)
or occur because morphants lack early myocardial function
(Bartman et al., 2004). The roles of hydrodynamic and
contractile forces in cardiac morphogenesis are still poorly
understood, but the failure of cardiac looping in unc45b
morphants is further evidence of its importance.
Several craniofacial cartilages are displaced and/or mal-
formed in unc45b morphants suggesting that striated muscle
function is also necessary for establishing and/or maintaining
proper jaw structure. Similar phenotypes have been observed in
the zebrafish strains herzschlag and still heart, both of which
also display motility defects, but the causal genetic loci have not
yet been identified in these cases (data not shown). It is likely
that these also encode proteins required for muscle function.
To date, no mammalian model has been developed for
studying the role of UNC-45 in development and no mutations
in the human locus have yet been identified. We predict that null
mutations of human UNC45B would be embryonic lethal due to
defects in cardiac function but leaky mutations may lead to
skeletal or cardiomyopathies. Currently, there are numerous
myopathies associated with mutations in myosin-encoding
genes; however, these mutations are usually dominant and
present due to accumulation of myosin in the muscle (Laing and
Nowak, 2005). UNC45B mutations may result in similar
phenotypes but would likely follow a recessive pattern of
inheritance. Therefore, it may be worthwhile investigating
whether UNC45B is affected in patients with currently
unmapped myopathies, particularly because statistical methods
have identified UNC45B as a cardiomyopathy-associated gene,
CMYA4 (Walker, 2001).
We demonstrate here that UNC-45 is involved in the proper
development of sarcomeres, downstream of muscle differentia-
tion in a living vertebrate system. In the absence of Unc45b in
zebrafish, embryos are paralyzed and display cardiac dysfunc-
tion due to a reduction in functional myosin. The results
described here provide an important rationale for investigating
the roles of specific myosin heavy chain isoforms in vertebrate
development.
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